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Introduction 

Radiative trapping or forcing by so called greenhouse gases in the atmosphere 
causes the mean surface temperature of Earth to be 33 K higher than it would be 
in their absence. While the greenhouse effect is thus necessary for life as we 
know it, there is concern that additional unwanted warming may occur as a result 
of increasing concentrations of greenhouse gases. Analysis o f  air bubbles 
trapped in glacial ice shows that starting roughly with the onset of 
industrial iration in the late 18th and early 19th centuries, the concentration 
of all greenhouse gases found in nature began to increase'. Through 1991 the 
concentration of CO,, the gas causing the greatest amount of radiative forcing, 
had increased by over 25% from its preindustrial value. The other main 
greenhouse gases that occur in nature, CH, and N,O, exhibit similar increases 
since the early 1800s. While the timing and extent of global warming that may 
result from increased concentrations of greenhouse gases is uncertain, it is 
prudent to understand the main sources of anthropogenic greenhouse gases and the 
conditions governing their release. All three of the principal greenhouse gases 
existing in nature are released in the course of fossil fuel use, and for all 
three, fofsil fuel emissions are a significant component of total anthropogenic 
emissions . In this paper the emissions of CO,, CH,, and N,O in the contemporary 
United States due to use of the fossil fuels natural gas, oil, and coal are 
presented. Details of the calculations will be given in a subsequent 
publication,. The relative importance of each of these gases for radiative 
forcing is shown. Some technologies under development that can reduce emissions 
of these trace gases per unit of useful heat or work obtained are discussed. 

The amount o f  radiant energy a mole of a particular greenhouse gas absorbs during 
its atmospheric lifetime depends on its lifetime and its absorption strength, 
integrated over all active wavelength bands. An index called the global warming 
potential, or GWP, has been developed to compare the lifetime effect o f  one mole 
(or one kg) of a particular greenhpuse gas to that of a similar amount of CO,. 
The GWP for trace gas i is defined : 

Gwpi = a,'i ci(t) dt / a 1 c(t) dt 
0 0 

Here ai is an absorption coefficient, ci is concentration in mass or molar units, 
and t is time. The average atmospheric Unsubscripted values refer to CO,. 
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l i f e t i m e s  o f  the t race  gases are as fo l lows:  CO,, 100-120 y; CH,, 10-12 y; N 0, 
150-180 y .  When eq. 1 i s  in tegrated over a t ime T o f  100 y, the computed G i P s  
f o r  CH, and N,O are 7.6 and 290, respect ive ly ,  expressed on a molar basis3. 

1. Emissions o f  CO, 

For complete combustion o f  any fue l ,  the s p e c i f i c  carbon emission, o r  carbon 
emission factor, def ined as g C as CO, per MJ heat released, i s  determined by i t s  
composition and heating value. I t i s  preferable t o  use the lower heat ing value 
(LHV) for  the ca l cu la t i on ,  since i n  most appl icat ions water produced i n  
combustion leaves the  process as a vapor. A c o r r e l a t i o n  o f  heat ing value as a 
funct ion o f  elemental composition o f  a fue l  shows how the carbon emission f a c t o r  
depends on fuel composition'. Although developed s p e c i f i c a l l y  f o r  coal, i t  
describes o i l  and natura l  gas as wel l .  

AH, = 341 C + 1102 H + 68.4 S - 15.3 A -119 (0 + N )  (2) 

Here, C,H,S,  and (OtN) are the percentage o f  elements and A i s  ash o r  o the r  i n e r t  
by weight on a moisture f r e e  basis. The heating value i s  i n  J/g (LHV). I t  i s  
seen t h a t  on a weight basis, hydrogen i s  the component w i t h  the l a r g e s t  energy 
content. Carbon i s  next largest ,  but i t  f i gu res  i n  the numerator as we l l  as 
denominator o f  the expression f o r  carbon emission fac to r .  Oxygen and n i t rogen 
have negative values because t h e i r  presence i n  a f u e l  causes i t  t o  be p a r t i a l l y  
oxidized. For coal, the combined e f f e c t  o f  C, H, and 0 dependence causes the 
carbon emission f a c t o r  t o  go through a minimum w i t h  the rank o f  hv bituminous. 

Natural Gas 

Consumption o f  natura l  gas i n  the U.S. i n  1989 was 481 b i l l i o n  m3 (20.3 EJ 
(HHV)): To convert t h i s  f i g u r e  i n t o  CO, emissions requ i res  in format ion on 
composition o f  the gas a t  the wellhead and a l so  a t  t h e  burner t i p .  The 
d i f f e rence  between the two compositions i s  due t o  processing o f  the na tu ra l  gas 
before transmission by pipe1 ine. I n  processing, undesirable components i nc lud ing  
CO are removed, the CO, being vented. The CO, produced due t o  f l a r i n g  a t  the 
we71 must a lso be counted. Equations are developed f o r  a carbon emission f a c t o r  
f o r  na tu ra l  gas t h a t  takes i n t o  account CO, emissions from vent ing and f l a r i n g .  
App l i ca t i on  t o  domest ica l ly  produced na tu ra l  gas i n  1989 y i e l d s  an emission 
f a c t o r  o f  15.17 gC/MJ (LHV). Imported gas i s  analyzed s i m i l a r l y .  Tota l  CO 
emissions i n  1989 from consumption o f  natura l  gas i s  est imated t o  be 278.2 4 
tonne C.  

O i  1 

I n  1989, t o t a l  crude o i l  processed i n  the U.S. was about 13.5 m i l l i o n  ba r re l s  per 
day w i t h  the  balance o f  l i q u i d  fue l  consumption comprising na tu ra l  gas l i q u i d s  
and imported r e f i n e d  products. A small f r ac t i on  o f  petroleum (about 5 %) was 
exported. Tota l  o i l -based energy consumed i n  the U.S. was about 36 EJ. Emission 
fac to rs  f o r  imported r e f i n e d  products and f o r  crude o i l  (combined domestic 
production and imports) were computed and used t o  ca l cu la te  carbon emissions by 
product class. The carbon emission fac to r  f o r  crude o i l  i s  19.96 gC/MJ (LHV). 
The fac to r  f o r  products f a l l s  i n  the range 18.4-21.5 gC/MJ (LHV) depending on 
fue l  composition. Tota l  estimated CO, emissions from petroleum consumption i n  
the U.S. du r ing  1989 was 625.1 M tonne C .  
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Coal 

The carbon content of coal per unit of heat content is found to vary with coal 
rank. Equation 2 has been used with composition data for U.S.  coals to compute 
carbon emission factors by rank. The emission factor for lignite, the highest 
for all coal ranks, is 26.9 gC/MJ (LHV), about 8 % higher than for hvA 
bituminous, the lowest at 24.6 gC/MJ (LHV). The emission factors have been used 
with U.S .  coal consumption by rank in 1989 to compute carbon emissions. In 1989 
total U . S .  coal production was 890 M tonnes, and coal consumption, expressed as 
energy, was 19.69 EJ (HHV). The largest carbon emission was from the bituminous 
grades, which represented 70% of total emissions, but supplied 74% of the total 
energy. Overall carbon emissions are cqlculated as 490.5 M tonnes C, which 
agrees well with the estimate of Marland , which was prepared without use of 
rank-speci fic carbon emission factors. 

2. Emissions of CH, 

Methane emissions result from the production and distribution of oil and gas, and 
from the mining of coal. The losses from oil and gas operations are considered 
in three categories. 

o 

o Production, gathering, and processing losses. 

o Transmission and distribution losses. 

Venting and flaring of methane occurring at the well head in the 
production of natural gas and oil. 

The following discussion provides estimates of methane emissions from fossil fuel 
use in the U.S.  during 1989. 

Venting/Flaring Emissions in Oil/Gas Production 

Venting and flaring of methane during production and processing of oil and gas 
is due to purposeful venting, routine maintenance, and system upsets and mishaps. 
There are insufficient data to apportion these emissions to oil or gas and to 
determine their composition. We estimate the fraction of methane in 
venting/flaring emissions to be 20%6. Based on total reported venting and 
flaring emissions for the U.S. in 1989, emissions of methane are estimated to be 
0.41 Tg. 

Production Losses 

Leakage of methane occurs from field production and processing operations. These 
are primarily from fugitive emissions such as leaks from valves, pipes, 
compressors, and other equipment during normal operation of gas gathering, 
separation from condensate/oil, reinjection, and processing. The leakage rate 
varies between oil and gas wells and between offshore and onshore operations, due 
to significantly different processing equipment and conditions. Production 
losses of CH, are calculated to be 0.44 Tg. 

Transmission/Distribution Losses 

Natural gas is transported via high pressure pipeline throughout the U.S. with 
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local distribution networks consisting of low pressure delivery systems. 
Including low pressure distribution lines, the total length of pipe is estimated 
to be over 1.5 million miles. Several key components are subject to leakage: 
compressor shaft seals, valve stem packing, relief valve escapes, and flanged 
joints. Methane emissions from transmission/distribution losses is estimated as 
1.77 Tg. 

In addition to the three categories of CH, losses tabulated above, a relatively 
small amount is added for incomplete methane combustion. Allowing 0.5 g CH, per 
GJ adds an additional 0.009 Tg to 1989 emissions in the U.S. Total estimated CH, 
losses due to oil and gas operations thus sum to 2.63 Tg in 1989. 8y use of the 
GWP for CH, developed above, the importance of these losses for radiative forcing 
relative to the CO, emitted in the combustion of the oil and gas consumed in the 
U.S.  in 1989 can be,computed. The radiative forcing due to CH, emissions is 1.7% 
of that due to CO, from natural gas and oil combustion. 

Methane Emissions as a Result o f  Coal Mining Activities 

Correlations have been developed to relate CH, emissions to coal production by 
use of an overall emission factor. Such a factor, in ?/tonne, expresses the 
ratio of total methane emissions to total coal production. Emission factors 
depend on in-place coal methane content. However, in addition to the gas 
contained in coal that is removed, methane may be released from adjacent gas- 
bearing strata and exposed but unmined coal during and after mining. Emissions 
from these sources are also included in computing an overall emission factor. 

Overall emission factors have been%developed by several workers in recent years 
and used to estimate CH, emissions from coal mining6*7.8*9. The emission factors 
fall in the rang$ 6.02-11.77 m3/tonne. Smith and Ruether calculate the enbission 
factor as 7.74 m /tonne and estimate total CH, emissions in 1989 as 5.0 Tg . The 
greatest fraction, 4.2 Tg, was due to deep mining operations. The importance of 
these emissions for radiative forcing relative to those of the CO, produced in 
coal combustion can be estimated as above. In 1989, U.S. production of deep 
mined coal was 357 million tonnes, and the radiative forcing of CH, emissions 
from deep mines was equivalent to about 9% of the forcing due to combustion of 
deep mined coal. 

3. Emissions of N,O 

Production of N,O in the course of fossil fuel use occurs via direct emissions 
and also via an indirect route from emissions of NO and N O ,  collectively called 
NOx. In the atmosphere, NOx are oxidized and return t o  the earth as acid 
precipitation. It is known that soil-bearing microbes reduce nitrates applied 
as fertilizer, resulting in N,O emissions to the atmosphere. This mehhanism 
presumably applies to nitrates originating as acid precipitation as well . The 
extent of conversion of nitrate to N 0 by soil microbes is not well known, but 
Robertson e timated N,O formation to 6e 1% of total fertilizer nitrogen, nitrate 
and armnoni3'. If 1% of N as NOx is converted by microbes to N,O, this is an 
important indirect route in fossil fuel combustion to N,O. 

About 30% of fossil fuels consumption in the U.S. is for the transportation 
sector with the remainder used in stationary sources ranging from residential 
heating to electric utility boilers. The N,O emissions from the largest 
stationary sources, utility boilers, have been most studied. Early estimates of 
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N 0 emissions from statiolqary sources were erroneously h igh  due t o  an a r t i f a c t  
o f  the analys is  procedure . More recent r e s u l t s  are given i n  Table 1 where both 
NOx and N,O er(lfssions are shown f o r  a number o f  u t i l i t y  b o i l e r s  f i r i n g  a l l  three 
foss i l  f ue l s  . I t  i s  seen t h a t  except f o r  the c i r c u l a t i n g  f l u i d i z e d  bed 
combustor, the greater  c o n t r i b u t i o n  t o  N 0 emissions i s  due t o  the i n d i r e c t  route 
i f  the assumed 1% conversion o f  NOx t o  d 0  i s  co r rec t .  Because per molecule N,O 
has two atoms o f  N whi le  NOx has one, a 1% conversion o f  NOx t o  N,O i s  equivalent 
t o  a d i r e c t  N,O emission o f  0.5% o f  NOx. The r i g h t  hand s ide o f  Table 1 shows 
the e f f e c t  on NOx emissions o f  several technologies being developed f o r  t h e i r  
con t ro l .  The ef fect  of these technologies on d i r e c t  N,O emissions i s  poor ly  
understood a t  present. 

The t ranspor ta t i on  sector produced 44% o f  t o t a l  NOx emissions from f o s s i l  fue l  
use i n  1989. It i s  thus an important producer o f  N,O v i a  the i n d i r e c t  route.  
I t  i s  a l so  responsible f o r  s i g n i f i c a n t  d i r e c t  emissions of N,O. These emissions 
vary w i t h  vehic le  type and whether a c a t a l y f i c  converter i s  employed. (Ca ta l y t i c  
converters increase N,O emissions 1 0 - f o l d  O . )  On an energy basis, d i r e c t  N,O 
emissions from vehic les are s u b s t a n t i a l l y  h igher  i n  general than those from h igh 
temperature s ta t i ona ry  b o i l e r s .  Due i n  l a r g e  p a r t  t o  the unknown extent o f  
i n d i r e c t  product ion o f  N 0 from NOx, estimates o f  N,O production from f o s s i l  f ue l  
use are h i g h l y  uncert:in. For instance, two recent estimates f o r  g lobal  
emissions were 0.3 Tg and 5.0 Tg’3*14. 

4. Technologies t o  Reduce Greenhouse Gas Emissions 

Carbon Dioxide 

For a given f o s s i l  f ue l ,  reduct ion o f  CO, emissions per  u n i t  o f  usefu l  heat o r  
work output requ i res  increased energy conversion e f f i c i e n c y .  Natural gas 
consumption i s  expected t o  r i s e  i n  the U.S. i n  t he  1990s p r i m a r i l y  f o r  increased 
power generation us ing gas turb ines.  The e f f i c i e n c y  f o r  power generation v i a  
simple cycle, e.g., gas tu rb ine ,  f o r  current  t y p i c a l  u n i t s  i s  25-30% and f o r  
combined cyc le  un i t s ,  35-40%. With recent improvements, cyc le  e f f i c i e n c y  has 
improved considerably t o  35.5% f o r  simple cycles and 52.5% f o r  combined cyc le.  
Fur ther  advances now on the hor izon may increase combined cyc le  e f f i c i e n c i e s  to  
the range o f  55-605. Synthesis gas, t he  fuel f o r  molten carbonate and s o l i d  
oxide fuel c e l l s ,  can be made by reforming na tu ra l  gas. These fue l  c e l l s  alone 
y i e l d  an e f f i c i e n c y  i n  the range 45-50%. and when combined w i t h  a thermal 
bottoming cyc le  may g i v e  an o v e r a l l  e f f i c i e n c y  o f  60-65%. 

There are s i m i l a r l y  both short term and longer term e f f i c i e n c y  improvements fo r  
c o a l - f i r e d  power cyc les.  I n  the  cu r ren t  populat ion o f  c o a l - f i r e d  power p lants ,  
22% o f  the p lan ts  operate w i th  an e f f i c i e n c y  o f  less than 31%. Only about 10% 
have an e f f i c i ency  o f  greater  than 36%. Typical operating condi t ions f o r  current  
pu l ve r i zed  c o a l - f i r e d  b o i l e r s  are 2400 p s i g  steam w i t h  1000 OF superheat and 
reheat. Commercially proven technology i s  ava i l ab le  w i t h  steam operating 
cond i t i ons  i n  t h e  range 3500-4500 ps ig  w i t h  main and reheat temperatures i n  the 
range 1050-1100 O F ,  which y i e l d  e f f i c i e n c i e s  o f  about 40%. This i s  close t o  t h e  
e f f i c i e n c y  expected f o r  pressurized f l u i d i z e d  bed combustors, i n  an advanced 
s ta te  o f  development. I n  the medium term, new o r  r e v i s i t e d  power cycles (Kal ina 
cyc le ,  employing water/arnmonia working f l u i d ;  i n d i r e c t l y  heated gas tu rb ine  
combined cycle) are expected t o  y i e l d  e f f i c i e n c i e s  o f  45-50%. Other high 
e f f i c i e n c y  approaches are combined cyc le g a s i f i c a t i o n / f u e l  c e l l ,  and combined 
cyc le  gas i f icat ion/gas turb ines.  Longer term, magnetohydrodynamics (MHD) shows 
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promise of an efficiency in the neighborhood of 60%. 

Uethane 

The main contributor to CH, emissions from oil and gas operations is the 
transmission and distribution system, which accounts for two-thirds ofthe total. 
A more rigorous maintenance schedule and accelerated replacement of aging 
pipe1 ines would help reduce these emissions. New transmission systems are 
estimated to leak only one-fourth as much as older systems, on average. One 
possible pipeline replacement program would result in about 0.6 Tg reduction in 
annual emissions after 10 years. There also appears to be scope for reduction 
of CH, currently vented. At a minimum, if this methane is flared (burned) before 
release, its effect on radiative forcing is reduced by a factor of about 7. 
Where venting or flaring is currently practiced on a regular schedule, it may be 
possible to install transportable electrical generating equipment employing gas 
turbine or internal combustion engines (see below). This would have the double 
benefit of converting CH, to CO, and generating usable power with no additional 
use of fossil fuel. 

Much of the estimated 5.0 Tg CH, emitted from U.S.  coal mines in 1989 has the 
potential for useful recovery. Components that are potentially useful are 
ventilation gas (2.8 Tg), typically 0.3-1.0% CH,, gas produced by degasification 
systems (1.3 Tg), typically 25-953 CH , and emissions from abandoned deep mines 
(0.5 Tg), of variable composition. bentilation gas is too dilute to support 
combustion by itself, but if used as the source of combustion air with another 
high concentration CH, source, it could contribute about 15% of the fuel to a gas 
turbine. Degasification gas can serve as the sole fuel source for poytr 
generation by internal combustion engines, as is presently being demonstrated . 
Transportable generator modules are being developed that can be taken to remote 
mine sites to generate power used at the mine and potentially also for export to 
a power grid. If gas is purposely withdrawn from abandoned deep mines, it also 
could serve as the fuel for such a generator module. 

Nitrous Oxide 

As discussed above, both the transportation sector and stationary sources are 
significant sources of N,O. Improvement of vehicle mileage would obviously 
reduce N,O emissions from the transportation sector. Redesign of catalytic 
converters should be possible to reduce direct N,O emissions. These emissions 
were not a consideration in the original design. Development of electric 
vehicles would also reduce N,O emissions, since on an energy basis, stationary 
sources needed to generate the electricity to charge vehicle batteries, emit less 
N,O and NOx than do vehicles. 

For stationary sources, the Clean Air Act Amendments of 1990 will require a 2 
million ton per year reduction in NOx emissions. A number of technologies for 
NOx control, some of them listed in Table 1, are being demonstrated at commercial 
scale through the U.S.  DOE Clean Coal Technology program. 
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